In order to elucidate how the degradation of individual components affects the state of the photovoltaic inverter as a whole, we have carried out SPICE simulations to investigate the voltage and current ripple on the DC bus. The bus capacitor is generally considered to be among the least reliable components of the system, so we have simulated how the degradation of bus capacitors affects the AC ripple at the terminals of the PV module. Degradation-induced ripple leads to an increased degradation rate in a positive feedback cycle. Additionally, laboratory experiments are being carried out to ascertain the reliability of metallized thin film capacitors. By understanding the degradation mechanisms and their effects on the inverter as a system, steps can be made to more effectively replace marginal components with more reliable ones, increasing the lifetime and efficiency of the inverter and decreasing its cost per watt towards the US Department of Energy goals.
INTRODUCTION
Photovoltaic (PV) power systems have historically not been able to compete with conventional fossil fuels without favorable regulatory policies and financial incentives. The US Department of Energy (DOE), however, has estimated that PV systems can reach economic competitiveness with conventional energy sources at an installed system cost of $1/Watt ($0.05-0.06/kWh) [1] . With a $1/Watt price-point, the DOE estimates PV penetration into the US power market to be upwards of 18% by 2050.
As of 2010, the installed cost of PV systems was $3.40/Watt [1] . While most research, both historically and currently, focuses on the production costs of PV module technology, the cost of the necessary grid-connected and stand-alone DC-to-AC inverters has been largely ignored. As the price of PV modules drops, the price of inverters becomes more important. Inverters now constitute 8-12% of the total lifetime PV cost [2] . As of 2010, the inverter and associated power conditioning components accounted for $0.25/Watt [3] , well above the DOE benchmark of $0.10/Watt by 2017 [1] .
In short, inverter technology must become half as costly and twice as reliable to facilitate grid-parity of solar energy in the future [4] . With bus capacitors generally considered to be among the most unreliable elements of the inverter, they represent the constituent that can most easily be altered in the short term to increase inverter lifetime and decrease lifetime PV system cost.
The purpose of an inverter is to transform a DC waveform voltage into an AC signal in order to inject power into a load (typically, the power grid) at a given frequency and with a small phase angle (φ≈ 0). A simple circuit for a unipolar Pulse Width Modulation (PWM) inverter using idealized, lossless switches is shown in Figure 1 . In PWM inverters, the combination of switching rate and source inductance results in an additional AC component injected into the nominally DC PV voltage source. This AC component is known as voltage ripple (V ripple ) and exists throughout the inverter/module circuit. The PV module is hypersensitive to V ripple . Its presence dramatically reduces available output power [5] . In order to limit this voltage ripple, each single-phase inverter requires an energy storage element (either a capacitor or inductor) [6] . However, for economic or engineering reasons, the number or size (either physical or electrical) of these storage elements must be limited and some magnitude of V ripple is found in all single-phase inverters on the DC side of the circuit [7] .
One of the main functions of an inverter, other than power conditioning, is Maximum Power Point Tracking (MPPT). For an ideal MPPT algorithm, the applied voltage to the module always results in the maximum possible power output (PMPP) from the module. This applied voltage is known as the voltage at maximum power point (VMPP). The presence of a voltage ripple in the inverter/module circuit alters the voltage applied to the module from VMPP to VMPP±V ripple ( Figure 2 ). This causes a corresponding ripple in the power output of the module. Depending on the module Fill Factor (FF, the "squareness" of the module IV curve), a small deviation in VMPP can have a large deleterious effect on the average module power output (Pavg) as demonstrated in Figure 2 . 
EXPERIMENTAL
For an ideal unipolar PWM inverter, the maximum peak-topeak voltage ripple may be described by ( 1 ) [8] .
where: VPV is the solar panel DC voltage, C is the capacitance of the bus capacitor, L is the inductance of the filter inductors, f is the IGBT switching frequency This equation is shown to work well for ideal capacitors; however, a real capacitor has a fairly complicated equivalent circuit diagram ( Figure 3 ) that includes a finite shunt resistance (Rsh), a parasitic series resistance (ESR), and a parasitic series inductance (ESL). Not only do these parasitic elements increase the ripple voltage and current, but also the size of these non-ideal elements is a function of time, ripple current, and ripple frequency. Thus, changes in inverter output result in a complicated positive feedback loop that, in turn, more quickly degrades individual components. If the increase in temperature due to ripple current is ignored, the ESR of an electrolytic capacitor increases according to a linear inverse model described by ( 2 ) [9] :
where: ESRo and ESR are the original and final ESR, k is a constant dependent on the capacitor manufacturer, but is usually ~1.77 [10; 11] t is time Ea is an activation energy (≈4700 eV [12] ) T is temperature (Kelvin)
By varying the ESR values of the nonideal bus capacitor by ( 2 ) in a SPICE model, it is possible to see in Figure 4 how the ripple voltage on the inverter DC bus should vary over time. As the ESR of the bus capacitor increases, the expected ripple current increases exponentially. Failure of the bus capacitor would be expected long before the 30-year lifetime of the PV module in even this very optimistic model. The short lifetime of the bus capacitor is costly, not only due to replacement parts, but also due to system downtime, cost of replacement energy, and any reduced efficiency before failure identification. This paper will outline the use of bus capacitors in inverters from a reliability, cost, and performance standpoint. The advantages and disadvantages of three different capacitor types (electrolytic, metallized polypropylene thin film, and multi-layer ceramic) will be discussed along with their degradation modes and corresponding effects on inverter output. SPICE simulations of ripple voltage and current will be presented, taking into account degradation of bus capacitors over time and their subsequent effect on inverter output. This paper will also outline experimental work at Sandia National Laboratories regarding capacitor reliability.
These experiments focus on metallized thin film capacitors and their degradation behavior under a constant DC bus voltage. In contrast to electrolytic capacitors, relatively little has been reported in the literature regarding the degradation behavior for these "safety" capacitors beyond the typical definition of failure (C/Co=98%). Our work investigates the capacitance degradation behavior beyond this soft failure limit to simulate capacitor degradation without regular replacement maintenance.
It is important to understand the reliability of the power electronics subsystems in a PV set-up. For the moment, these subsystems have short lifetimes and must be replaced multiple times over the life of a single PV module. By understanding the degradation mechanisms, effects on output power, and the life-cycle costs associated with component failure, it will be possible to more effectively engineer inverter systems with lifetimes comparable to the PV module. This will bring associated costs of the power electronics down to more closely approaching US DOE goals.
